Host cdc2-like kinase 1 (CLK1) is responsible for the alternative splicing of the influenza virus M2 gene during influenza virus infection and replication that has been recognized as a potential anti-influenza virus target. In this study, we showed that gallocatechin-7-gallate (J10688), a novel CLK1 inhibitor isolated from Pithecellobium clypearia Benth, exerted potent anti-influenza virus activity in vivo and in vitro. ICR mice were intranasally infected with a lethal dose of H1N1. Administration of J10688 (30 mg·kg −1 ·d −1 , iv, for 5 days) significantly increased the survival rate of the H1N1-infected mice to 91.67% and prolong their mean survival time from 5.83 ± 1.74 days to 13.66 ± 1.15 days. J10688 administration also slowed down body weight loss, significantly alleviated influenza-induced acute lung injury, reduced lung virus titer, elevated the spleen and thymus indexes, and enhanced the immunological function. We further explored its anti-influenza mechanisms in the H1N1-infected A549 cells: as a novel CLK1 inhibitor, J10688 (3, 10, 30 μmol/L) dose-dependently impaired synthesis of the viral proteins NP and M2, and significantly downregulated the phosphorylation of splicing factors SF2/ASF and SC35, which regulate virus M2 gene alternative splicing. As a novel CLK1 inhibitor with potent anti-influenza activity in vitro and in vivo, J10688 could be a promising antiviral drug for the therapy of influenza A virus infection.
INTRODUCTION
Influenza A virus (IAV) infection has become a global public health threat associated with significant morbidity and mortality. Currently, the limited therapeutic options against the influenza virus cannot cope with the rapid emergence of drug-resistant viruses [1, 2] . In addition, the emergence of highly pathogenic strains, such as H5N1 IAV, which emerged in 1996 in China [3] , presents a tremendous challenge to currently available antiviral therapeutics. A new generation of antiviral agents, especially those targeting resistant strains, is urgently needed. Since it was reported that host factors play crucial roles in the viral life cycle and host immune response, an antiviral therapy aimed at these host factors was believed to be a more sophisticated strategy to minimize the chance of developing drug resistance [4] .
Host cell cdc2-like kinase 1 (CLK1) is a critical element of several important regulatory pathways involved in pre-mRNA alternative splicing. Alternative splicing enriches the structural and functional variability of multiple protein isoforms involved in the genomic and proteomic regulatory network. CLK1 acts by phosphorylating the serine-and arginine-rich (SR) factors to direct the early events of spliceosome assembly, which are necessary for proper mRNA maturation [5, 6] . The family of SR factors includes SC35, 9G8, SRp20, and SF2/ASF. All these factors are not only essential for constitutive splicing but also are involved in regulating splicing in a concentration-dependent manner by influencing the selection of alternative splice sites [7] . The influenza virus takes advantage of the host RNA-processing machinery to initiate the alternative splicing that results in the expression of proteomic diversity. It was demonstrated that an SR protein, ASF/SF2, bound to CLK1 at the RNA-recognition motifs of ASF/SF2, which regulated the synthesis of M2 RNA, a splice variant of the IAV M gene [8] . It has also been reported that a small molecule inhibitor of CLK1, TG003, could reduce influenza virus replication by more than two orders of magnitude, an effect related to impaired splicing of the viral M2 mRNA [9] . Thus, CLK1 was assumed to be a potential host cell target for influenza virus treatment. Finding more CLK1 inhibitors could be an effective avenue of research for new anti-influenza drugs.
In a previous study, we established a reliable screening assay for CLK1 inhibitors, resulting in the discovery of several compounds with strong inhibitory activity against CLK1 [10] . Most of these compounds were validated to have anti-influenza virus effects. The most potent of these compounds, gallocatechin-7-gallate (J10688, Fig. 1a) , was chosen as a candidate for further research. J10688 was one of the active components isolated from Pithecellobium clypearia Benth, a kind of traditional Chinese herbal medicine distributed in the south of China. We have also found that several chemical constituents from P. clypearia, including J10688, exhibited influenza virus neuraminidase-inhibitory activity and anti-inflammatory activity in vitro [11] . The pharmacokinetic properties of J10688 in Sprague-Dawley (SD) rats have also been studied to obtain a better understanding of its pharmacological function and mechanism [12] . In this study, the activity of J10688 was further investigated, including the anti-influenza H1N1 virus effect in vivo and the efficacy against H1N1, H3N2, and subtype B in vitro. Mechanistic studies were then conducted to investigate its target and mode of action. Our findings demonstrated that the CLK1 inhibitor J10688 is a potential antiviral agent that acts by influencing viral M2 mRNA splicing and through other complicated antiviral effects.
MATERIALS AND METHODS

Viruses and cells
The human influenza virus strains A/PR/8/34 (H1N1), A/Sydney/5/ 97 (H3N2), and B/Jiangsu/10/2003 were kindly donated by the Institute for Viral Diseases Control and Prevention, Chinese Centers for Disease Control and Prevention. Viral stocks of the laboratory-adapted strains were propagated in 9-day-old embryonated chicken eggs for 48 h and stored at −80°C. All viruses involved in the experiments of this paper were handled in a biological safety protection second-level laboratory.
Madin-Darby canine kidney (MDCK) cells and the human lung cancer cell line A549 were cultured in Dulbecco's modified Eagle's medium (DMEM) and RPMI-1640 medium, respectively. Media were supplemented with 10% fetal bovine serum (FBS) and incubated in a 5% CO 2 incubator. Samples J10688 was extracted and isolated from the leaves and twigs of P. clypearia, which were collected from Shankou (Beihai, China) and identified at the Chinese Academy of Medical Sciences. The purity of the compound was over 98%, calculated through peak area normalization using high-performance liquid chromatography [11] . All experimental reagents were purchased from SigmaAldrich, China, unless otherwise specified.
Mice
Male ICR mice, 6-8 weeks old, were purchased from Vital River Laboratory Animal Technology Co Ltd (Beijing, China), housed in independent ventilated cages and received pathogen-free food and water. All animals received care according to The Guide for the Care and Use of Laboratory Animals.
Therapeutic efficacy study in mice Mouse-adapted influenza A/PR/8/34 (H1N1) virus stocks were diluted in PBS to a 10-fold LD 50 concentration. Mice were anesthetized with diethyl ether and inoculated intranasally with 50 μL of virus or PBS. After 24 h, all the mice were intravenously administered J10688 or normal saline (model groups) and intragastrically administered the reference drugs oseltamivir, TG003, and normal saline (normal group) [13] . The mice were partly killed on day 6 after infection, and the lung tissues were collected and homogenized in 1 mL of Trizol ® reagent (Life Technology, Lot# 15596-026) to extract the viral RNA for RT-qPCR assay. The lung, spleen, and thymus were dissected, and organ indexes were calculated using the formula below [14] :
Histological staining The mice were killed, and the lungs were obtained and fixed in buffered 4% paraformaldehyde. The lungs were stained with hematoxylin and eosin as described previously [15] .
Cytotoxicity test A monolayer of MDCK cells or A549 cells was treated with different concentrations of J10688 and incubated at 37°C under a 5% CO 2 environment for 48 h. Subsequently, cell viability was detected with the MTT method [16] . The CC 50 value (i.e., the concentration of compound that reduces the cell viability by 50%) was determined using GraphPad Prism 5 Software by plotting the percent cell viability as a function of compound concentration [17] . J10688 was added to the cells 2 h after the adsorption of the influenza virus (100TCID50). The plates were incubated at 37°C in a humidified 5% CO 2 atmosphere for 48 h. The CPE was then assessed using the MTT method as described above. The resulting spectrophotometric data were used to calculate the IC 50 [18] . All these experiments were repeated at least three times.
Quantitative real-time PCR assay A549 cells infected with influenza A/PR/8/34 (H1N1) virus (100TCID50) for 2 h were treated with J10688 at various concentrations. At 6 h post-infection, the total RNA was isolated. The primer sequences for qPCR of the influenza virus HA gene were 5'-CCTGCTCGAAGACAGCCACAACG-3' (sense) and 5'-TTCCCAAGAGCCATCCGGCGA-3' (antisense). GAPDH primers were used as internal controls of cellular RNAs: 5'-AGGCGTCG-GAGGGCCCCCTC-3' (sense) and 5'-AGGGCAATGCCAGCCCCAGCG-3' (antisense). The amplification conditions were as follows: 94°C for 30 s (one cycle), followed by 94°C for 5 s, 55°C for 15 s and 72°C for 10 s (40 cycles). RT-qPCR was conducted using the CFX96 Realtime PCR system (Bio-Rad). The data were analyzed with the Bio-Rad CFX manager using the mode for normalized expression (2
−△△Ct
). The viral load of influenza-infected mouse lungs was measured by the RT-qPCR method in the same way. The lungs of mice killed on the 6th day were sampled and homogenized in Trizol ® reagent to extract total RNA. The primer sequences for qPCR of the influenza virus NP gene were 5'-CTGTTTTGGATCAACCGTC-3' (sense) and 5'-CTGTTTTGGATCAACCGTC-3' (antisense). The mouse GAPDH gene was used as the internal control of cellular RNAs, using the primer sequences 5'-AGCAGTCCCGTACACTGGCAAAC-3' (sense) and 5'-TCTGTGGTGATGTAAATGTCCTCT-3' (antisense).
Lymphocyte proliferation assay
The experiment was performed as described by Yu et al. [19] . The spleen was minced in PBS and passed through a fine steel mesh under aseptic conditions to obtain the cell suspension. After separating the red blood cells in NH 4 Cl and washing the rest three times, the cells were cultured in RPMI-1640 with 10% FBS.
Mitogen-induced stimulation was performed by incubating equal volumes (100 μL) of lymphocyte suspension with either ConA (5 μg/mL) or LPS (10 μg/mL) in each well. RPMI-1640 medium (100 μL) was added to the cell suspension in the control wells. All cells were incubated in a 5% CO 2 at 37°C for 48 h, and the MTT method was used to determine the cell viability. The stimulation index of lymphocytes was calculated based on the following formula:
Indirect immunofluorescence microscopy A549 cells were treated with J10688 (3, 10, and 30 μM) after being infected with influenza A/PR/8/34 (H1N1) virus (100TCID50) for 2 h. Twenty-four hours later, the cells were fixed with 4% paraformaldehyde and permeabilized with 0.3% Triton X-100. Mouse monoclonal antibodies against IAV nucleoprotein (NP; Santa Cruz, Catalog# sc-80481) and M2 (Santa Cruz, Catalog# sc-32238) were incubated with the cells overnight at 4°C, followed by Alexa Fluor ® 488 conjugate (Cell Signaling Technology, #4408). The nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI, 1 μg/mL) for 10 min in the dark. Cell imaging and fluorescence were carried out using the Thermo Scientific ArrayScan Infinity (Thermo Fisher Scientific, USA).
Cytokine secretion assay (ELISA) The lungs of mice killed on the sixth day were homogenized in PBS. The expression levels of IFN-γ, IL-6, TNF-α, and IL-1β in the mouse lungs were detected by an ELISA kit (ExCell Bio, Shanghai, China) according to the manufacturer's protocol.
Statistical analysis
Results were expressed as the mean ± SD (n ≥ 3). The statistical significance of the data was evaluated by one-way ANOVA or independent tests. Differences were considered statistically significant when the P value was less than 0.05.
RESULTS
Therapeutic efficacy of J10688 against A/PR/8/4 (H1N1) influenza virus in vivo
To validate the pharmacological function of J10688, the therapeutic efficacy for influenza virus-induced pneumonia in mice was evaluated. The protocol for this experiment is illustrated in Fig. 1b . As shown in Fig. 1c, 91 .67% of mice that received intravenous treatment with 30, 10, and 3 mg/kg/day J10688 survived (P < 0.0001), whereas all the mice that were administered normal saline died within 9 days. The reference drugs oseltamivir and TG003 also showed a strong protective effect. All mice survived after oral administration of 20 mg/kg/day oseltamivir, while the 60 mg/kg/day TG003-treated group showed a 91.67% survival rate. In addition, J10688 could significantly suppress body weight loss (Fig. 1d) . The mean survival time is shown in Table 1 . In comparison with the model group (mean survival time of 5.83 days), the mean survival time in the J10688 group (30 mg/ kg/day) was statistically prolonged (13.58 days, P < 0.0001). Oseltamivir and TG003 prolonged the mouse survival times to 14.0 and 13.58 days, respectively. The lung index data show that J10688 administered at 30 mg/ kg/day provided protective effects against viral pneumonia at 6 days after infection (P < 0.05). Oseltamivir tended to inhibit an increase in the lung index due to influenza, while TG003 did not have this effect (Fig. 2b) . Histopathologic examination (H&E staining) further showed that the alveolar damage and interstitial inflammatory infiltration in the lung tissues of the mice treated by J10688 were greatly ameliorated compared to those treated by normal saline (Fig. 2c) .
J10688 inhibited the expression levels of inflammatory markers in mouse lungs
The pro-inflammatory cytokine interferon-gamma (IFN-γ) is well known for its important role in innate and adaptive immunity against intracellular infections. In this paper, IFN-γ was detected as Fig. 2 Drug-protective effects on the lung tissues of mice infected by influenza virus H1N1 6 days prior. a Influenza viral NP mRNA levels in mouse lungs measured by RT-qPCR and normalized to GAPDH. J10688 treatment can dose-dependently decrease the expression of NP mRNA (**P < 0.01, *P < 0.05 vs. model). b Lung index. *P < 0.05 vs. model. c H&E staining of sectioned lungs, magnification 200 times. The pathological changes were evaluated based on hyperemia, bronchiole epithelium cell necrosis, lung exudates, alveolar interstitial pneumonia, and lung abscesses. c1 Normal group: the bronchial wall was not thickened in the lung, the lumen was clean, there was no inflammatory cell infiltration, and there was no alveolar wall thinning. c2 Model group: there was a large number of mononuclear cell infiltrates surrounding the alveoli and bronchus, the presence of pulmonary microvascular congestion, exhibition of bronchial cavity effusion and falling debris, and thickening of the alveolar interstitial edema. c3 Oseltamivir group; c4 TG003 group; c5 J10688, 30 mg/kg/day; c6 J10688, 10 mg/kg/day; c7 J10688, 3 mg/kg/day an inflammatory marker, and its expression level in mouse lungs increased after infection by influenza virus. All drug treatment groups showed improved expression levels of IFN-γ to different degrees. Three other inflammatory cytokines were detected, IL-6, TNF-α, and IL-1β, and their expression levels in the group treated with J10688 at a dose of 30 mg/kg/day were significantly decreased (P < 0.05; Fig. 3 ). These data suggest that J10688 could modulate the inflammatory response in the lung.
J10688 improved the immune function of the infected mice On the sixth day after infection, some of the mice were killed to collect spleen and thymus samples. As depicted in Fig. 4a , a great change in the appearance of the spleen was observed in the model group after being infected with influenza, while J10688 improved the appearance of the spleen to the same extent as did the reference drugs. The spleen and thymus indexes of the model group decreased significantly in comparison with those of the normal group ( ## P < 0.01). In contrast, the J10688 treatment (30 mg/kg/day) increased the indexes (*P < 0.05, **P < 0.01), which means that J10688 can effectively inhibit lesions of the immune organs (Fig. 4b, c) .
ConA and LPS can stimulate mitosis of T and B lymphocytes, respectively, and the stimulation index is representative of the body's immune status. As shown in Fig. 4d , e, the stimulation indexes decreased significantly ( ### P < 0.001) in the model groups, which meant that cellular and humoral immunity were suppressed. Treatment with J10688 could dose-dependently increase the stimulation index, effectively stimulating lymphocyte proliferation and improving the immune function.
Antiviral activity of J10688 on influenza viruses in vitro
The cytotoxicity of J10688 on MDCK and A549 cells was evaluated by the MTT assay. The results showed that J10688 had no significant cytotoxicity on MDCK and A549 cells (Fig. 5a, b) , with both of the CC 50 values above 100 μM. To verify the anti-influenza virus activity of J10688 in vitro, the reduction of influenza virusinduced cytopathic effects (CPEs) was evaluated in MDCK cells. Time-of-addition experiments were performed to determine the stage(s) at which J10688 exerted its antiviral effects. J10688 was added to MDCK cells at three distinct time points: after incubation with the virus for 2 h (pre-incubation treatment), at the same time as the viral infection (simultaneous treatment), or at 2 h after entry (post treatment). As shown in Fig. 5c -e, J10688 exhibited antiviral effects in the three different types of influenza viruses. There was a positive correlation between the concentration of J10688 and its corresponding inhibitory effects. When the virus was preincubated with J10688, the EC 50 s (i.e., half maximal effective concentration) for A/PR/8/34 (H1N1), A/Sydney/5/97 (H3N2), and B/Jiangsu/10/2003 were 1.69, 2.28, and 23.18 μM, respectively, while in the simultaneous treatment assay, the EC 50 s for H1N1, H3N2, and type B were 2.85, 12.47, and 57.61 μM, respectively. The EC 50 values of J10688 ranged from 46.27 to 55.84 μM in the posttreatment assay of H1N1 and H3N2. J10688 only presented weak suppressive activity for type B, with an EC 50 over 100 μM.
To investigate whether J10688 impaired the synthesis of viral proteins in host cells, A549 cells were infected with H1N1 virus with or without J10688 treatment. The concentrations of J10688 in the treated groups were 3, 10, and 30 μM. At 12 h post infection, the expression of the viral proteins was monitored by HSC using monoclonal antibodies against NP and M2. As depicted in Fig. 6a-d , a strong green fluorescence signal was observed in the model group cells without J10688 treatment. As demonstrated in the immunofluorescence staining test, the NP and M2 expression levels were remarkably decreased in a dose-dependent manner. Compared with the normal group, the protein expression levels of NP and M2 were higher in the normal group (P < 0.001). The Fig. 3 The expression level of IFN-γ, IL-6, TNF-α, and IL-1β in infected mouse lungs. Lung tissue homogenates were prepared for detection of inflammatory cytokine by ELISA. Each group n = 6, *P < 0.05, **P < 0.01, ***P < 0.001 compared with the model group Anti-influenza effect and action mechanisms of J10688 C Li et al.
expression levels of NP and M2 at doses of 10 and 30 μM J10688 were significantly lower (P < 0.01) compared with those of the model group.
We then tested the effect of J10688 on the transcription of viral genes in infected cells using quantitative RT-qPCR of the influenza virus HA gene. A549 cells were infected with A/PR/8/34 (H1N1) virus and were incubated for 6 h in the presence of various drug concentrations. Total RNAs were isolated from infected cells, and RT-qPCR analysis was performed using primers specific for viral HA RNA. The qPCR results showed that treatment with J10688 drastically reduced the copy number of viral RNA synthesis at 6 h post infection in a dose-dependent manner (Fig. 6e) . These results indicated that J10688 effectively inhibited the growth of H1N1 virus in A549 cells.
Effects of J10688 on the CLK1 pathway Influenza makes one of the host splice factors, SF2/ASF, engage in its own M1 mRNA splicing to produce M2 pre-mRNA and, Each group n = 6, *P < 0.05, **P < 0.01, ***P < 0.001 compared with the model group Anti-influenza effect and action mechanisms of J10688 C Li et al.
subsequently, M2 ion channel protein expression [9] . In a previous study, we found that J10688 is a potent inhibitor of CLK1 [10] . To investigate the anti-influenza virus mechanism of J10688, we carried out an in vitro experiment in which A549 cells were infected with A/PR/8/34 (H1N1) for 2 h, washed free of the virus, and then treated with J10688 (3, 10, and 30 μM). The total cellular protein was collected 6 h later and analyzed by western blot analysis. The results presented in Fig. 7a show that J10688 could significantly reduce the expression level of the influenza virus M2 protein in a dose-dependent manner, and there was nearly no M2 protein expression in the TG003 group. In contrast, the influenza M1 protein expression in each group had no significant changes. The intensity of M2/M1 increased by 3.5 times in the model group compared with that in the normal group. The J10688 treatment groups and the TG003 group tended to show decreased levels of M2/M1, thus evidencing suppression of influenza virus alternative splicing from M1 to M2. CLK1 regulates alternative splicing of the SR protein by phosphorylation. SR proteins are essential splicing factors that are regulated through multisite phosphorylation of their RS (arginine/serine-rich) domains [5, 20] . SC35 and SF2/ASF are splicing enhancer elements that interact with M2 mRNA alternative splicing and become over-phosphorylated after virus infection. J10688 and TG003 treatment significantly inhibited excessive phosphorylation of SC35 and SF2/ASF (Fig. 7b, c) .
DISCUSSION
Influenza is a highly contagious disease that can cause high morbidity and mortality in an epidemic. The clinical utility of antiinfluenza viral drugs has been limited due to the drugs' severe side effects and the occurrence of resistant strains. Hence, the discovery of novel anti-influenza virus drugs is in urgent demand. Traditional Chinese medicinal herbs may be a potential alternative medicine for treatment of this disease. Recently, a number of clinical trials of traditional Chinese medicines for influenza have been conducted [21] . J10688 is an effective compound isolated from the traditional Chinese medicinal plant P. clypearia Benth. It is widely used as a folk medicine for the treatment of upper respiratory tract infections, pharyngitis, laryngitis, and acute tonsillitis [22] . In China, P. clypearia has been used as an antiinflammatory drug in clinics for many years. Here, we investigated its antiviral effects in vivo and in vitro. Its antiviral mechanism was also further explained/discussed.
The inhibitory activity of J10688 against H1N1 in vivo was tested. The intravenous administration of J10688 showed positive effects in the H1N1-infected mice, including increasing the survival rate, prolonging the mean survival time, and decreasing the lung index and lung consolidation. It also had some effects on inflammatory cytokine secretion. In contrast to the model group, which experienced remarkable body weight loss and a 100% mortality rate on day 14, J10688 treatment brought about beneficial effects with respect to these indicators. Notably, the mortality rate decreased by 91.67% after J10688 treatment. Our previous study on the pharmacokinetics and tissue distribution of J10688 proved that it has a limited oral bioavailability but a wide distribution across all organs and tissues after intravenous administration, accumulating especially in lung tissues, where the influenza virus mainly occurs [12] . This drug distribution to the target organ provides the basis of the pharmacological activity of J10688 in vivo.
It has been reported that the pathological injury caused by H1N1 infection is mostly due to host inflammatory responses to the virus, rather than to direct viral destruction of respiratory epithelia [23] . The morphology is closely associated with intracellular biochemical changes. In this study, H&E staining revealed severe pneumonia in the model group, including hyperemia, inflammatory cellular infiltration, bronchiole epithelium cell necrosis, lung exudates, alveolus interstitial pneumonia, and lung abscess. J10688 treatment improved the symptoms in some ways, which suggests that J10688 exerted anti-influenza virus effects in vivo.
Investigation of the antiviral effects of J10688 in vitro included time-of-addition assays to identify the stage(s) in which J10688 acted. The relative inhibitory rates against the CPE in the three administrations were as follows: pre-incubation treatment > simultaneous treatment >post treatment. This tendency was found for three kinds of viruses. There was a marked difference in the antiviral effects when the compound was added before infection compared to post-infection treatment (1.7 vs. 46 µM). This clearly indicated that part of the J10688 mechanism of action is related to viral entry. In addition, the difference between preincubation treatment and simultaneous treatment suggested that J10688 may directly inactivate the virus. It was also shown that J10688 treatment could decrease the expression level of virus HA mRNA, NP, and M2 protein in a dose-dependent manner. All these findings suggest that J10688's inhibition of influenza virus replication may have both preventive and therapeutic effects on influenza virus infection.
Alternative splicing plays an important role during the processing of influenza virus M2 mRNA. The influenza virus M1 mRNA has two alternative 5' splice sites. One is the distal 5' splice ### P < 0.001, compared with the model; **P < 0.01, ***P < 0.001, compared with the model. In total, three independent experiments were performed Anti-influenza effect and action mechanisms of J10688 C Li et al.
site, producing mRNA that closely fits the consensus 5' splice sequence in uninfected cells. The other one is the proximal 5' splice site used in influenza virus-infected cells, which generates the M2 mRNA encoding the M2 ion-channel protein [24] . The SR proteins, as the constitutive splicing factors, can favor the use of the proximal 5' splicing site [25] . Phosphorylation of SR affects alternative splicing, which is regulated by a family of kinases termed CLK1 [26] . SR proteins are evolutionarily conserved phosphoproteins that bind to pre-mRNA molecules to promote both constitutive and alternative splicing [27] . Thus, CLK1 controls M2 protein expression in an indirect way. CLK1 has been recognized as an important host protein for influenza virus treatment, and the antiviral effects of its inhibitor, TG003, have been proven [9] . In a previous study, we found that J10688 exerted a CLK1-inhibitory effect with an IC 50 of 2.7 μM [10] . Here, we found that the influenza viral M2/M1 ratio significantly decreased in the J10688-treatment groups, and the phosphorylation level of the splicing factors SF2/ASF and SC35 declined, which indicates that J10688 executed its antiviral effects partially through the CLK1 pathway. Fig. 7 In-depth analysis of the impact of the CLK1 inhibitor J10688 on influenza A virus infection. a A549 cells were treated with J10688 or TG003 (50 μM) and subsequently infected with influenza A/PR/8/6 H1N1 virus (100 TCID50) for 6 h. Protein levels of spliced M2 and M1 after inhibition of CLK1 by J10688 or TG003. b The impact of J10688 or TG003 on the phosphorylation level of host SF2/ASF after infection with influenza virus. c The impact of J10688 or TG003 on the phosphorylation level of host SC35 after infection with influenza virus. ## P < 0.01, ### P < 0.001 compared with the normal, *P < 0.05, **P < 0.01, ***P < 0.001 compared with the model.
Anti-influenza effect and action mechanisms of J10688 C Li et al.
In this paper, a promising anti-influenza virus candidate, J10688, has shown potential for influenza infection treatment. The antiinfluenza virus efficiency and the molecular mechanism of J10688 were initially discussed. The host CLK1 inhibitory effect of J10688 has been proposed to be the main mechanism of its anti-influenza virus activity. Furthermore, J10688 could also elevate the immune organ indexes, enhance the immunological function, and downregulate some main inflammatory factors. All these results implied multiple complex antiviral mechanisms of J10688, which will be further investigated in our future work.
